A b s t r a c t Although beeswax adulteration represents one of the main beeswax quality issues, there are still no internationally standardised analytical methods for routine quality control. The objective of this study was to establish an analytical procedure suitable for routine detection of beeswax adulteration using FTIR-ATR spectroscopy. For the purpose of this study, reference IR spectra of virgin beeswax, paraffin, and their mixtures containing different proportions of paraffin (5 -95%), were obtained. Mixtures were used for the establishment of calibration curves. To determine the prediction strength of IR spectral data for the share of paraffin in mixtures, the Partial Least Squares Regression method was used. The same procedure was conducted on beeswax-beef tallow mixtures. The model was validated using comb foundation samples of an unknown chemical background which had been collected from the international market (n = 56). Selected physico-chemical parameters were determined for comparison purposes. Results revealed a strong predictive power (R 2 = 0.999) of IR spectra for the paraffin and beef tallow share in beeswax. The results also revealed that the majority of the analysed samples (89%) were adulterated with paraffin; only 6 out of 56 (11%) samples were identified as virgin beeswax, 28% of the samples exhibited a higher level of paraffin adulteration (>46% of paraffin), while the majority of the analysed samples (50%) were found to be adulterated with 5 -20% of paraffin. These results indicate an urgent need for routine beeswax authenticity control.
INTRODUCTION
A specific lipid-based chemical composition of beeswax plays an important role in a honeybee colony as a source of nest-mate recognition cues and as construction material for honeycomb cells where honey and brood are being capped (Breed et al., 1995; Fröhlich et al., 2000; D'Ettorre et al., 2006; Buchwald et al., 2009) . It is, therefore, important that the foundations on which the honeycombs will be built are genuine.
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Detection of beeswax adulteration by FTIR-ATR
Although beeswax adulteration has been one of the main beeswax quality issues for more than a decade, there are still no internationally standardised analytical methods for routine beeswax authenticity control (Bogdanov, 2004a) . Nowadays, more than 15 different natural (petroleum-derived, mineral, animal, and plant waxes) and artificial/ industrial waxes can be used as beeswax adulterants (Bogdanov, 2009) . Among them, the adulteration with paraffin waxes represents the greatest problem due to its wide availability, low price, and physico-chemical properties (a chemically inert, white or colourless and odourless substance) that altogether makes it "ideal" for adulteration. The analytical methods defining pure-beeswaxcomposition criteria based on 10 classical physicochemical parameters determined in accordance with European Pharmacopoeia (Council of Europe, 2007) and the Methods of German Society for Fat Science (DGF-M-V-6, 1957), have been proposed for routine beeswax authenticity testing (Bogdanov, 2004b; 2009) . However, as reported in the past and current literature, there are several factors affecting the proposed analytical range values for pure beeswax and detection of its adulteration (Tulloch, 1973; Bernal et al., 2005; Jiménez et al., 2007; . Along with possible deviations in proposed range values arising from the beeswax origin (geographical and/or race-related) (Beverly et al., 1995) , a temperature treatment (an integral part of the production of comb foundation) can cause measurable changes of certain physico-chemical values (primarily acid and ester value). Consequently, particular beeswax samples can be displaced beyond the limits proposed for pure beeswax. These findings undermine the use of these measurements as reliable analytical tools for detection of beeswax adulteration. Along with the mentioned classical analytical methods, very sophisticated analytical tools have been employed to investigate detailed beeswax chemical composition and/or to find more reliable analytical tools for detection of beeswax adulteration. The tools referred to are different techniques of high-temperature gas chromatography -mass spectrometry Lorbeer, 1999, 2000; Jiménez et al., 2003; 2009; Serra Bonvehi and Orantes Bermejo, 2012; Waś et al., 2014) . These methods, though, have not yet met the analytical eligibility for routine beeswax control. The reason being, that the establishment of calibration curves and validation by comparing the results with other commonly used methods were not performed. Also, a general interpretation of beeswax IR spectrum and investigation of molecular structure and dynamics of beeswax by IR and Raman spectroscopy were reported in several spectroscopic studies (Birshtein and Tul'chinskii, 1977; Edwards et al., 1996; Zimnicka and Hacura, 2006; Muscat et. al., 2014) . There has been a recent report on the feasibility study of a single-reflection Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy (FTIR-ATR) for detection of beeswax adulterants . This spectroscopic study revealed direct and reagent free method that provides good detection limits (0.5 -5%) of four of the most commonly employed beeswax adulterants: paraffin, microcrystalline wax, tallow, and stearic acid. Considering the reported advantages of this spectroscopic technique and its detection limits for beeswax adulterants, the objective of this study was to establish an analytical procedure suitable for routine detection of beeswax adulteration by paraffin and beef tallow using the FTIR-ATR spectroscopy. The existing methodology was modified in terms of faster spectra acquisition, different data processing, and establishment of a calibration curve procedure. Also, the purpose of this work was to validate the method by comparing the results of the performed analytical procedure with those of commonly used physico-chemical analyses.
MATERIAL AND METHODS
Samples
To obtain the reference infrared (IR) spectra of pure beeswax, virgin beeswax samples (wild-built combs) were collected directly from the beehives maintained at experimental apiaries in different geographical regions across Croatia in 2013 -2014 (n = 21). Furthermore, a total of 56 comb-foundation samples were collected from the beeswax foundation manufacturers and/or specialised beekeeping shops in 9 European countries (Austria, Bosnia and Herzegovina, Croatia, Germany, Hungary, Italy, Macedonia, Serbia, Slovenia; n = 52) and in other countries (Russia, Argentina, China; n = 4). Four paraffin samples with different melting points were obtained from Kemig (paraffinum solidum, Ph. Eur. 7.8, Croatia) and from the beekeepers (paraffin used for hive waxing). Beef tallow was obtained from the local butcher shop. Samples were analysed directly as obtained, without using purification or any other chemical reagents. Samples were stored in the dark at room temperature before analysis.
Preparation of beeswax-paraffin and beeswaxbeef tallow mixtures for calibration (standard curves) Mixtures of virgin beeswax containing different proportions (5 -95%) of paraffin wax were prepared. This procedure was performed to obtain reference samples exhibiting physico-chemical features and IR spectra specific for particular adulteration levels (5, 10, 20, 30, 40, 50, 60, 70, 80, 90, 95%) . These samples were used for the establishment of calibration (standard) curves exhibiting a relationship between the measurement response and the known concentrations of the analyte. Virgin beeswax (wild-built combs) collected from 7 hives, and Kemig paraffin wax (with a melting point of 56°C) were used for the mixture preparation (w/w). Mixtures were homogenised by melting at 90°C for 3 h and re-solidified by allowing the mixture to cool to room temperature. The same analytical procedure was initially assayed for the virgin beeswax-beef tallow mixtures that were prepared in the same way in order to validate the procedure on another adulterant type.
FTIR-ATR spectra acquisition and data processing
The IR spectra of all sample types (virgin beeswax, paraffin, tallow, beeswax-paraffin, and beeswax-tallow mixtures) were recorded using an ABB Bomem MB102 FTIR (fourier-transform infrared) spectrometer with a DTGS (deuterated triglycine sulfate) detector and CsI (cesium iodide) optics. A singlereflection high temperature heated diamond ATR (Attenuated Total Reflectance) system (Golden Gate, Specac) and beam condensing optics made of ZnSe were used to acquire spectra. The depth of the beam penetration into the sample was around 2 µm. Spectra were recorded in a mid-infrared region (4000 -400 cm -1 ) in accordance with the method described by , including a few modifications regarding spectra acquisition and data processing. Prior to the acquisition of the spectra, each sample was left on the ATR plate for 3 minutes to allow melting, homogenisation, and stabilisation of the sample. Approximately 0.05 g of the sample was used to acquire the sample's IR spectrum. Two replicate spectra of each sample were recorded using the same aliquot, and 64 scans were collected for each spectrum. A new background spectrum was acquired before each sample. To exclude the noisy parts of the spectra, only the spectral range between 3700 and 600 cm -1 was taken into consideration for further data analysis. Raw IR spectra of the analysed samples were stored and pre-analysed using Origin version 8.1 (Origin Lab Corporation). Given that the most characteristic spectral features of pure beeswax appear in the spectral region between 1800 -900 cm -1 , this particular region, a fingerprint region, was used for further chemometric and statistical modelling. The use of the IR spectra of prepared beeswax-paraffin mixtures was carried out to generate the calibration curves covering the entire range (0 -100%) of paraffin adulteration. The overall fingerprint region was used for that purpose. The same procedure was performed on beeswaxbeef tallow mixtures. Additionally, the IR spectra of microcrystalline wax, stearic acid, and carnauba wax were recorded. This was done to create a reference spectra collection for comparative qualitative detection of their potential presence in analysed comb foundation samples. Detection of other adulterants was investigated by comparing the analysed foundations to the IR spectra in available spectral databases (such as shellac wax and wool lanoline in the FTIR-ATR spectral database of the University of Tartu, Estonia, Institute of Chemistry). To investigate the possible influence of a hightemperature treatment on the spectral features of pure beeswax, a virgin beeswax sample used in this study for mixtures preparation, was subjected to 125°C for 45 minutes (the most commonly used treatment in the comb foundation production). After cooling to room temperature, the sample's spectrum was recorded and compared to the one obtained before the exposure to 125°C.
Quality assessment of beeswax using the physico-chemical parameters Selected physico-chemical analyses, i.e. determination of acid number, ester number, ester/acid ratio, saponification number, and melting point, were performed according to European Pharmacopeia Commission (Council of Europe, 2007) in all samples. The relationship between the paraffin adulteration level and the obtained values of the physico-chemical parameters was, thus, assessed. The results of the physico-chemical parameters have been assessed according to the quality criteria proposed by International Honey Commission (Bogdanov, 2009 ).
Statistical analysis
Chemometric modelling and statistical analyses were performed using the statistical packages MatLab 7.11 2010b (MathWorks Inc.) and Statistica 7 (StatSoft Inc.). A factor-based Partial Least Squares Regression (PLSR) method was used to determine the prediction strength of FTIR-ATR spec-Detection of beeswax adulteration by FTIR-ATR troscopy for the paraffin and tallow adulteration level using the sample set of prepared beeswax-paraffin and beeswax-tallow mixtures for calibration. The model was validated on a set of samples consisting of 56 comb foundations of unknown chemical background collected from the market. Model calibration performance and accuracy were evaluated using coefficient of determination (R 2 ) and mean squared error (MSE) value. For comparison purposes, the relationship between the values of physicochemical parameters and the paraffin share was assessed on the mixtures using simple regression models. The paraffin share prediction performances of IR spectral data and physico-chemical measurands were also compared.
RESULTS
FTIR-ATR spectra of virgin beeswax, paraffin, and tallow Results presented in Fig. 1a show the characteristic FTIR-ATR spectrum of genuine beeswax and underlying molecular vibrations. Beeswax represents a complex organic mixture of numerous compounds. Yet, only the most dominating ones are observable in a typical IR spectrum of genuine beeswax; mostly analyte signals belonging to hydrocarbons, esters and free fatty acids (Fig. 1a) . A typical FTIR-ATR spectrum of paraffin in comparison to characteristic virgin beeswax is presented in Fig.  1b . It is characterised by a simple molecular structure related to hydrocarbon absorption bands (at 2921, 2852, 1464 and 719 cm -1
). The main spectral differences between pure beeswax and paraffin are observed in the fingerprint region. The analyte signals related to the ester and free fatty acids vibrations (at 1739, 1714 and 1172 cm -1
) are not present in the IR spectrum of paraffin, and therefore, represent valuable and indicative spectroscopic data for detection of beeswax adulteration. Contrary to the lack of these particular signals in the fingerprint region of a paraffin spectrum, a characteristic IR spectrum of beef tallow is dominated by the strong intensive absorption bends that correspond to the esters vibrations, occurring at 1745 and 1158 cm -1 . These signals are considerably stronger and characterised by the absorption maxima shifts in comparison to beeswax signals (Fig. 1b) .
Spectral features (FTIR-ATR) of beeswax mixtures with paraffin and tallow As presented in Fig. 2a , IR spectra of prepared virgin beeswax-paraffin mixtures containing different proportions of paraffin (5 -95%), revealed a clear ). When comparing the spectral variations identified in different virgin beeswax samples (n = 21) (Fig. 2b) with absorption changes observed in beeswaxparaffin mixtures, it is obvious that the spectral variations determined in different beeswaxes do not intercept those crucial for detection of beeswax adulteration with paraffin. As presented in Fig. 2b , the most variable part of a virgin beeswax spectra belongs to the absorption vibrations of alcohols and amines, observed in the spectral region between 1130 and 970 cm -1 . Furthermore, no spectral differences between samples of genuine beeswax before and after the temperature treatment (125°C, 45 minutes) were determined (results not shown). As presented in Fig. 3 , the results showed a similar detection accuracy for the tallow adulteration level in beeswax-beef tallow mixtures and linear behaviour where IR absorption intensities (most prominent in the spectral ranges between 1745 -1739 cm -1 and 1172 -1158 cm -1
) increased linearly for the increasing percentages of the tallow added to beeswax (Fig. 3a) . 
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Partial least squares regression (PLSR) calibration and model performance parameters of the paraffin share in adulterated mixtures predicted by IR spectral data are presented in Fig. 4a . The results obtained by using the fingerprint region have revealed a strong predictive strength (R 2 = 0.999) and good calibration accuracy (MSE = 2.173) of FTIR spectroscopy for detection of the paraffin share in beeswax. An investigation of PLS latent components revealed that most of the variance in the spectral data set is explained by the first 6 latent components. Most of the information (99.84%) was captured in eigenvalues compressed in the first PLS component, which correspond to the alterations of esters (~1739 cm -1 and 1172 cm -1
) and free fatty acid (~1714 cm -1 ) absorption bands (Fig. 4b) . Partial least squares regression calibration and model performance parameters of the tallow share predicted by IR spectra (Fig. 3b ) also revealed good predictive strength (R 2 = 0.999) and calibration accuracy (MSE = 1.247). A constructed PLSR model was used to predict the paraffin share in comb foundation sample set in which the samples were of an unknown chemical background. The results of the distribution of comb foundation samples according to the paraffin proportion predicted by the IR spectra, are presented in Fig. 5 . As summarised and categorised in Tab. 1, the majority of the analysed samples (89%) were adulterated with paraffin. Only 6 out of 56 (11%) samples were identified as virgin beeswax, 28% of samples exhibited a higher level of paraffin adulteration (>46% of paraffin), while the majority of the analysed samples (50%) were found to be adulterated with 5 -20% of paraffin. The red line represents the limit-area that distinguishes genuine beeswax samples (below the red line) from adulterated ones. The results have revealed paraffin (and/or microcrystalline wax) as the only adulterants detected in the studied comb foundations. No other adulterant traces (no spectral features indicating the presence of other adulterants) were found in the collected comb foundations, based on the qualitative inspection of their IR spectra and comparison to IR spectra of the most common adulterants (personal spectral collection and the literature). These observations confirm the prevalence of paraffin adulteration on the beeswax market.
Measurements of physico-chemical parameters used for detection of beeswax adulteration
Descriptive statistics for analysed physico-chemical parameters for virgin beeswax and comb foundations collected from the international market is presented in Table 2 . The results revealed anomalous values for particular virgin beeswax samples in which the values were out of the range officially proposed for pure beeswax. Higher acid number values (>22 mg KOH/g) were determined for 8 samples. Values of saponification and ester number outside the proposed ranges were found for 5 virgin beeswax samples, reaching the maximum value of 134 and 112.2 mg KOH/g, respectively. 
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The results showing the correlation between the values of the analysed physico-chemical parameters and paraffin share in beeswax-paraffin mixtures are presented in Fig. 6 . It is clear from the scatter plot presented in Figure 6a that as the paraffin share increases, the acid value tends to decrease (negative correlation). This strong linear correlation between acid number and paraffin share indicates a good predictive strength of acid number for paraffin share (R 2 = 0.989) in beeswax-paraffin mixtures. However, the changes of other physico-chemical values as the paraffin share increases did not follow the linear pattern well. Ester number (R 2 = 0.788) and saponification number (R 2 = 0.883) showed a moderate linear correlation with the paraffin share, as presented in Figure 6b and 6c, respectively. On the other hand, the ester/acid ratio (R 2 = 0.611) and melting point (R 2 = 0.564) exhibited almost no linear correlation with significant deviations (Fig. 6d  and 6e) . The relationship between the prediction of the paraffin share in comb foundation samples by IR spectral data and by acid number (as the only parameter showing consistent results with respect to paraffin share detection) is presented in Figure 7 . It is obvious that the results obtained by two predictors are not congruent in paraffin share determination. The linear fit of IR spectral data for the paraffin proportion proved to be more accurate (Fig. 4a ) in comparison to acid number prediction performance (Fig. 6a) . Thus, it can be concluded that such a discrepancy is related to the acid number anomalies.
DISCUSSION
Infrared (IR) spectroscopy permits acquisition of the absorption spectra of compounds that are a unique reflection of their molecular structure. An infrared spectrum of a compound provides a unique "fingerprint" which is readily distinguished from the absorption patterns of all other compounds and it is, therefore, a valuable tool for identification and analysis of different substances in organic specimens. The method and observations reported by provided a valuable foundation and guidelines for further research; establishment of calibration curves (covering the entire concentration range of adulteration: 0 -100%) and validation of analytical procedure on unknown samples, which was performed in this study. The entire fingerprint region (1800 -900 cm ) was used in this study for chemometric modelling. In comparison to the investigation approach demonstrated in the feasibility study by that involved the development of a quality index based on the calculation of chosen absorbance ratios (I 1739 cm-1 / I 2852 cm-1 , I 1714 cm-1 / I 2852 cm-1
and I 1739 cm-1 / I 1714 cm-1 ), a different spectral data processing approach was performed in this study. We used this approach to make the analytical procedure simpler, faster, and applicable for routine purposes. It was observed in this study that adulteration of beeswax with paraffin and microcrystalline wax could not be distinguished by FTIR-ATR. These findings were reported by as well. It can be assumed that such effects appear due to similar spectral features arising from the same petroleum-based origin (both waxes are made of long-chain alkane hydrocarbons; microcrystalline wax is additionally characterised by very fine crystalline structure). Given that the price of microcrystalline wax is almost the same as beeswax price, it 
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is unlikely from the economical point of view that beeswax is being adulterated with a substance of equal price to a larger degree. Thus, it can be assumed that paraffin prevails as a beeswax adulterant due to its significantly lower price. As far as adulteration goes, though, it is irrelevant which substance is added to beeswax since both substances represent contaminants that should not be present in beeswax.
The spectral analysis of genuine beeswax samples revealed that no particular spectral differences appear when comparing white and yellow beeswax samples. Beeswax colour is mostly related to the fat-soluble carotenoid pigments that originate from pollen, but various undefined contaminants that are collected and absorbed in the beeswax over time may also affect the colour (Winston, 1991; Berry and Delaplane, 2001 ). These substances appear in beeswax in traces, so one can assume that they provide little or no IR information. It could also be that the signals of these substances are overlapped by more prominent absorption bands, and thus, do not compromise chemical analyte signals favourable for adulteration detection. According to the prediction of the paraffin share in comb foundation samples based on their IR spectral data, 6 samples were placed below the 5% detection limit reported for paraffin. It can be assumed, that the paraffin share that was less than 5% was tentatively detected in those samples due to minor absorbance variations that might occur among different virgin beeswax samples in the spectral region indicative for paraffin detection. The samples exhibiting less than a 5% share of paraffin were, therefore, identified as genuine beeswax. The mean squared error (MSE) value (2.173%) calculated in this study and the 5% detection limit determined for paraffin in previous spectroscopic findings , were in this regard taken into account. (Tulloch, 1973; Bogdanov, 2009) . Such effects inevitably occur in practice (comb foundation production process) given that beeswax is commonly being subjected to different high temperature treatments (121 -140°C) necessary to kill the spores of the heat-resistant Paenibacillus larvae larvae.
The results of this research revealed disturbing findings; 89% of comb foundation samples collected from the market were found to be adulterated with paraffin. We believe that this kind of outcome is the consequence of the larger-scale problem of a general deficit of beeswax and a "chronic" accumulation and circulation of the paraffin in the comb foundation production process. The lack of routine analytical tools, and regulations controlling the beeswax origin or any kind of its monitoring, definitely contribute to this issue. The chemical composition of beeswax is generally not being controlled routinely, and therefore, allows continuous and successive contamination of beeswax by adulterants, primarily paraffin. Similarly to the results obtained in this study, a high percentage of comb foundation samples collected from the Portuguese market (60%) were adulterated with paraffin/microcrystalline wax, as reported by . The disconcerting situation on the comb foundation market, indicated by current and previous studies, implies an urgent need for routine beeswax authenticity control. The objective and results presented in this study fit the current objective of the IHC; to work out standards for other bee products besides honey, including the development of better and new analysis methods. The FTIR-ATR analytical procedure and adulteration-level categorisation, established in this study for distinguishing pure from adulterated beeswax, can be used as a guideline to further upgrade of this method. But verification should be performed on a larger data set of both virgin beeswax and different beeswax adulterant types. To the best of our knowledge, no method with a calibration set covering the entire concentration range of paraffin and tallow adulteration in beeswax was employed until now. It was a crucial step prior to the establishment of a protocol that provides accurate determination of the share of adulterants in beeswax.
It can be assumed, that adulterated beeswax foundation can cause economic losses in beekeeping.
It was reported that adulterated beeswax foundation may have an impact on brood rearing. The results can be abnormalities and disorders of brood development, and consequently, weakness and increased mortality of honeybee colonies (Wallner, 2005) . Frequent reports on deformed or completely destroyed combs by the Croatian beekeepers (personal communication) indicate the above described effects might be possible. An investigation on this subject was recently launched by Semkiw and Skubida (2013) , investigating the comb construction and brood development on beeswax foundation adulterated with paraffin. The results have revealed that paraffin used in their experiment had no negative impact on the bee colonies. However, the authors emphasized that it is impossible to exclude the possibility that paraffin of different chemical compositions and purities may cause harmful effects on bees. We believe that the fact that adulteration of any product represents deliberate destruction of the product's quality aiming to achieve an illegal profit and deceive consumers / beekeepers, along with indications on negative effects of adulterated foundations on honeybee colonies, should trigger the general initiative for routine monitoring of the authenticity of the beeswax comb foundations present on the market.
CONCLUSIONS
In this study we demonstrated that an analytical approach defining the standard curves for particular adulteration levels (5 -95%) based on chemometric modelling of specific spectral data set indicative for beeswax adulteration (fingerprint region), allows the same contamination levels to be determined for unknown samples (comb foundations). The PLS regression model performance parameters showed the strong predictive power of FTIR-ATR spectroscopy for predicting the share of paraffin and tallow in beeswax (R 2 = 0.999). The predictive power indicates the analytical reliability of this method for routine quality control. Moreover, good
